ABSTRACT: The microbial community which colonises particulate debris from the kelp Laminaria pallida shows a succession from bacteria, through flagellates, ciliates, amoebae and choanoflagellates over a period of up to 34 d incubation at 10 "C. The biomass of bacteria reaches only 16.5 mg g-' of added organic matter compared with 42 mg g-' dry weight of dissolved organic matter added from kelp mucilage, despite the fact that the combined biomass of grazing protozoans in both cases was 4.2-4.6 mg g-' of added organic matter. This suggests that the dissolved components of mucilage, comprising principally the acyclic polyol D-mannitol and other carbohydrates, are more readily utilisable as a substrate than the particulate components of kelp debris. The carbon in particulate debris is converted into bacterial biomass with an efficiency of approximately 11 % compared with values of up to 29 % which have been reported for mucilage incubated wlth seawater during the summer Differences in conversion efficiency of soluble compounds and particulate debris from L. pallida are also reflected in the time taken for utilisation by microheterotrophs under culture conditions. The time taken for 50 % utilisation of particulate debris at 10 "C was 240 h compared with reported values of 144 h for sugars and alginates and only 48 h for mannitol incubated at 10 ' C . Estimates of the relative significance of dissolved and particulate components released during fragmentation of kelp suggest that out of an annual average carbon production of 820.5 X 104 kg from a kelp bed of 700ha. a dry bacterial biomass of 72.20 X 104 kg is supported by particulate production and 29.9 X 104 kg from mucilage, yielding a total bacterial biomass of 102.10 X 104 kg. Because of the rapid turnover time of dissolved components, it is suggested that mucilage production supports mainly the dense population of free-living bacteria which are characteristic of kelp beds whilst the bacteria associated with the more refractory particulate matter may be exported to adjacent communities.
INTRODUCTION
The significance of primary production by marine macrophytes and other plants compared with that of the phytoplankton in coastal waters has been widely recognised (Teal, 1962; Williams and Murdoch, 1969; Wheeler, 1976; Woodwell e t al., 1977;  for review see Newell, 1979) . Mann (1973) , for example, estimated that annual primary production in the seaweed zone a t St Margaret's Bay, Nova Scotia, Canada, was approximately 603 g C m-2 compared with only 191 g C m-' for phytoplankton. Marshal1 (1970) estimated that macrophytes may contribute as much a s 50 % of the organic carbon in shallow waters off the New England coast. Again, although the value varies considerably with depth, the mean annual carbon production obtained by Dieckmann (1978) for Laminaria pallida at Oudekraal, on the west coast of the Cape Peninsula, South Africa, was 562 g m-2. Of this, some 34 % of the energy is represented by dissolved organic matter whilst the rest is released a s a particulate component O Inter-Research / Printed in F.R. Germany into the water column (Newel1 at al., 1980) . This value is comparable with that obtained by Johnston et al. (1977) who estimated that a s much a s 77 % of the net carbon fixed by L. saccharina in Loch Creran, Scotland, appears a s particulate matter. Release of particulate matter during fragmentation by L. pallida is thus likely to b e approximately 450 g carbon m-2 y-' a n d values of 1.7-2.0 m g ash-free dry weight 1-' are commonly recorded in coastal waters near to the kelp b e d a t Oudekraal (Field e t al., 1980) .
We have recently shown that the dissolved component released a s mucilage during fragmentation from the tip of the fronds of both Laminaria pallida and Ecklonia maximia is rich in the acyclic polyol D-mannit01 which can be utilised by bacteria within 48 h at 10 "C, and that other carbohydrates are utilised more slowly (Newel1 e t al., 1980; Lucas et al., 1981) . The efficiency of conversion of organic carbon in the soluble components of mucilage into bacterial biomass varied from approximately 12 % in winter to a s much a s 29.4 % in summer. Annual mucilage release during fragmentation from a small kelp bed of 700ha was estimated as approximately 1460 X 104 kg dry mass and was thus calculated to be capable of supporting a dry biomass of approximately 30 X 104 kg bacteria as well as 3 X 104 kg dry biomass of ciliates and flagellates which graze on the bacteria (Linley et al., 1981; Lucas et al., 1981) .
The heterotrophic utilisation of the particulate component, comprising the remaining 80% of primary production by kelp is, however, less well-known although a good deal of work has been carried out on plant debris from other sources. Odum and de la Cruz (1967) , for example, studied the initial phases of biodegradation of saltmarsh plants including species of Juncus, Distichlis, Spartina and Salicornia. More recently, studies on the turtle grass Thalassia (Fenchel, 1970 (Fenchel, , 1972 Knauer and Ayres, 1977) and on the eelgrass Zostera (Harrison and Mann, 1975a, b; Penhale and Smith, 1977) have been combined with direct observations on the microheterotrophic population associated with the degradation of plant debris. Particulate matter from such plants, as well as from algae such as Ascophyllum and Laminaria (Chan and McManus, 1969; Laycock, 1974; Mazure and Field, 1980) , have been shown to be capable of supporting a complex microbial population which may utilise the debris as a substrate and subsequently form a potentially important food resource for larger consumer organisms (Newell, 1965 (Newell, , 1979 Fenchel, 1972; Tenore, 1975) .
The following work was therefore undertaken to study quantitatively the heterotrophic succession of micro-organisms which colonise the particulate component of kelp debris, so that comparisons can be made between the relative significance of dissolved and particulate components as a substrate for marine microheterotrophs (see also Linley et al.. 1981) . The rate of loss of particulate matter and the simultaneous increase in biomass of microheterotrophs can then be used to assess the conversion efficiency of particulate matter by the micro-organisms. This allows some estimate to be made of the turnover time of particulate debris compared with the dissolved components, and the microbial biomass which can be supported by the release of particulate matter during fragmentation of kelp.
MATERIAL AND METHODS

Preparation and Incubation of Detritus
Fronds from Laminaria pallida were collected from a kelp bed at Oudekraal, on the west coast of the Cape Peninsula, South Africa, and brought in an ice-cold container to the laboratory. They were thoroughly washed to remove epiphytes and the mucilage secreted during transport of the kelp to the laboratory. Eroding tips were removed from the fronds, freezedried and ground in a mill. The powdered detritus was then sieved to obtain particles from 43-63 p diameter and sterilised in Petri dishes held under ultra-violet light for 24 h. This particle-size range was similar to the dominant fraction found in seawater collected from the vicinity of the kelp bed.
Incubation experiments were carried out in sterilised conical flasks which contained 0.5 g sterile detritus plus 1.5 1 of 53 pm filtered seawater freshly collected from the kelp bed. Control flasks containing 0.59 sterile detritus plus 0.2 pm filtered and autoclaved seawater were incubated with each experimental flask. Both flasks were sealed with rubber stoppers and 0.2 pm Nuclepore-filtered air was drawn first through the control flask and then through the experimental flask to minimise contamination. The flasks were incubated at 10 "C in a shaking water bath to maintain the debris in suspension, and were illuminated with a 12 h cycle by means of fluorescent tubes. Samples were removed from the flasks via a sterilised tube in the stopper by means of a sterilised syringe on Days 0, 1, 2 and on each 4th day up to Day 30.
Microbial Numbers and Biomass
Cell numbers were estimated using the acridine orange direct count (AODC) method based on Hobbie et al. (1977) , as described by Linley et al. (1981) . Cell dimensions were then estimated from scanning electron micrographs of filtered samples of the incubation media (Linley et al., 1981) , and biomass calculated from numbers and volumes of the cells together with estimates of their specific gravity obtained from the literature (Calkins and Summers, 1941; Luria, 1960; Doetsch and Cook, 1973; Linley et al., 1981) .
Dry Mass of Particulate Matter
Triplicate samples of 6ml were withdrawn from experimental and control flasks each sampling day and filtered onto 2.5cm diameter glass fibre filters (Whatman GF/C) which had been preashed at 460 "C for 5 h. The filtrate was rinsed with an isosmotic ammonium formate solution to remove soluble salts and dried in an oven at 70 "C for 48 h. The filters were then cooled in a desiccator and weighed on an electronic balance accurate to 1.0,ug (Mettler ME 30). The ash content of the filtrate was determined by heating the filters in a muffle furnace at 470 "C for 5 h and reweighing as before.
Particle Numbers and Size
Triplicate samples of 1 . 0~1 were diluted 1:50 with 0.2pm Nuclepore filtered seawater. The number of particles was counted and the size distribution in Channels 3-16 (6.35-128.0 pm) estimated by means of a 16 channel Coulter Counter (Model TA 11) equipped with a 280 um aperture orifice tube. The mean number of counts per channel was corrected for background counts in 0.2 pm filtered seawater. Particle-size distribution was expressed in parts per million (obtained from the product of the geometric mean volume and particle numbers) plotted against the log,, of mean particle diameter for each channel (Strickland and Parsons, 1972) .
Total Carbohydrates Excluding Polyols
Simple sugars, oligosaccharides, polysaccharides and their derivatives, excluding polyols, were estimated colorimetrically as 'glucose equivalents' from the phenol-sulphuric acid reaction described by Dubois et al. (1956) . A sample of 2 m1 incubation medium was pipetted into a colorirnetric tube followed by 1 m1 5 % phenol in water. Then 5 m l concentrated sulphuric acid was added rapidly and directed onto the liquid surface to improve mixing. The tubes were allowed to stand for 10 min, shaken and incubated for 15 min at 25"-30 "C. The absorbance of the characteristic yellow-orange colour may then be measured at 490 mp for hexoses and 480 mp for pentoses and uronic acids. In practice, rather different standard curves are obtained for different sugars, so that in the case of total carbohydrate estimations of mixed sugars, it is necessary to prepare standards of the mixed sugars in the proportions which they are likely to occur in mucilage. One of the difficulties in the use of such mixed standards in the analysis of our incubation media is that different components of the carbohydrate pool may be used at different rates whilst the use of a calibration curve of mixed standards is only valid if each component remains in the same relative proportion throughout the experiment. We have therefore expressed total carbohydrate values as 'glucose equivalent' obtained from a series of glucose standards only.
Carbon and Nitrogen Analysis
Samples of 10 m1 of the incubation media were filtered through 3 pm Nuclepore membrane filters. The ' and Protistologia, 1968. 4 : 187-94); it can form a major part of the ciliate microfauna in bacterial films on fouling surfaces; (e) choanoflagellatc of the family Acanthoecidae ( p 377 in 'Sea Microbes'), poss~bly Stephanoeca sp.; ( f ) choanoflagellate, together with unidentifiable amoeb0i.d form filtrate was freeze-drled and a sample of 40mg of thls materlal used to estlmate the carbon and nltrogen In the dissolved fractlon The particulate material retalned on the fllter was backwashed with 10 m1 distilled water, freeze-dried and 20 mg samples used for a n a l y s~s of the partlculate fractlon Fret,/c-dried samples were welghed wlth a Cahn electrobalance and the carbon and nltrogen content measured wlth a Hewlett-Packard Model 185 B CHN analyser uslng acetanallde standards (70 09 % C, 10 36 % N), much as described for mucllage samples (Lucas et a1 , 1981) 
RESULTS
Microbial Communities Associated with
Particulate Debris Linley et al. (1981) have described the succession of micro-organisms which colonise incubation media
containing 7.2 1 -I dried mucllage ( = 2.18 g l -l organic Table 1 ; a selection of representaattained in the incubation media.
tive components of the microbial community are illusNumbers and cell volumes of micro-organisms trated in Figure 1 . The most obvious feature of the which colonised incubation media containing 0.33 g incubation experiments with particulate debris was 1-' dried particulate debris ( = 0.254 g 1-' organic that both amoebae and choanoflagellates appeared in Table 2 Blomass (mg dry mass I -' ) est~mated from AODC of the numbers and S E M measurements of the d~rnenslons of micro-organisms in media containing 0 33 g I -' powdered frond of Ldrn~narla palllda incubated at 10 "C for up to 34 d in seawater Density of bacteria was taken as 1 07 (Doetsch and Cook 1973) The following cell densltles were used from Calkins and Summers (1941) flagt-llates 1 042 ciliates 1 039, amoebae 1 043 and choanoflagellates 1 042 A wet to drymass conversion factor of 0 23 was used for bactena (Luria 1960) Linley et al. (1981) on microbial communities associated with kelp mucilage and those for the particulate component of kelp debris are, however, complicated both by differences in the initial concentration of organic matter in the incubation media and in the cell dimensions of the components of the microheterotrophic succession. It is therefore necessary to express the microbial components in terms of biomass per unit organic matter added at the beginning of the incubation experiment.
Biomass of Micro-Organisms Associated with Particulate Debris
The biomass of bacteria, flagellates, ciliates, amoebae a n d choanoflagellates in the media as a function of incubation time at 10 "C is shown in Table 2 a n d Table 3 . Time of appearance of maximal biomass (mg 1 -l ) of components of the microbial succession which develops in media containing 7.2 g l -' dried mucilage from Laminarla pallida (E 2 18 g organlc matter I -' ) and in media containing 0.33 g l -l dried particulate matter ( E 0.254 g organic matter I-') incubated at 10 "C In seawater collected d u r~n g summer. Data for mucilage based on Linley et al. (1980 Figure 2 . The elements of succession from bacteria through flagellates to ciliates noted by Linley et al. (1981) for media containing mucilage from Laminaria pallida is obvious. The major differences in biomass between media containing mucilage and those containing particulate matter are attributable to two main factors. First, as established by Linley et al. (1981) , the absolute biomass attained by the bacteria is dependent not only on substrate availability but, above all, on the time of appearance and biomass of grazing phagotrophic flagellates and ciliates. Second, the substrate initially available to the bacteria was as much as 2.18 g organic matter 1-' in the mucilage experiments of Linley et al. (1981) but only 0.254 g 1-' in the incubation experiments with particulate debris described here. Table 3 shows the time of appearance and maximal biomass formed by the different components of the microbial succession in experiments with mucilage incubated with seawater collected from the kelp bed in the summer (Linley et al., 1981) and data from Figure 2 for biomass attained in the presence of particulate debris incubated in seawater collected at the same time of the year. The biomass data are also expressed per unit organic matter added at the start of the incubation experiment.
The biomass of bacteria reached 42.24 mg g-' of added organic matter in mucilage on Day 9 whilst the combined ciliate and flagellate population attained 4.6 mg g-' of added organic matter. In the incubation media containing particulate debris, however, a maximal bacterial population of only 16.54 mg g-' of added organic matter was attained on Day 10, despite the fact that the combined protozoan community reached 4.2 mg g-' of added organic matter. This suggests that the organic matter in the particulate component of kelp debris is less effective as a bacterial substrate than the mannitol and other carbohydrates which characterise the dissolved component. It is, however, necessary to estimate the losses of particulate debris associated with a synchronous increase in microbial biomass in order to calculate the conversion efficiency of the initial steps of the decomposer food chain based on particulate debris.
Losses of Particulate Matter from the Incubation Media
Incubation of particulate debris for up to 34 d at 10 ' C in seawater collected from the kelp bed during sum- mer resulted in a marked loss of particles, especially in the 64 ,urn range. Figure 3 shows the concentration of particles (parts per million, obtained from the product of particle number and geometric mean volume; see Strickland and Parsons, 1972) plotted as a function of particle diameter in sterile and non-sterile seawater on Day zero and after 30 d incubation at 10 "C. It is evident that some loss of particulate matter occurred even in media which had been initially sterilised, but that such losses were small compared with those in the nonsterilised seawater. The gross gravimetric losses of particulate material are summarised for the sterile and non-sterile incubation media in Table 4 . It is apparent that the development of a microbial community in the media is associated with a gravimetric loss over a period of 30d at 10 "C of as much as 89 % of the powdered debris which was initially added.
S T E R I L E M E D I A N O N -S T E R I L E M E D l
The ashed values corresponding to the gravimetric Table 4 may be used to calculate the utilisation of organic matter from the incubation media. These values are also shown in Table 4 and are illustrated in Figure 4 which shows that some loss of particulate organic matter occurred in the sterilised media following contamination with micro-organisms from Day 14 onwards. Nevertheless there was a major and sustained utilisation of organic matter from the particulate fraction from Day 2 onwards up to Day 18 in the non-sterilised incubation media.
Losses of Carbohydrates from the Incubation Media
Because the observed losses of organic matter from the particulate fraction could be accounted for merely by transfer into a dissolved phase, rather than by heterotrophic utilisation of the micro-organisms, it was necessary to measure organic losses from both particulate and dissolved components during the course of the incubation experiments.
Substrate levels for the mixed carbohydrates comprising the particulate and dissolved fractions were estimated by the method of Dubois et al. (1956) and expressed in terms of 'glucose equivalents' (see p. 339, and Lucas et al., 1981) . The results are summarised in Table 5 which shows the carbohydrate concentrations (W ml-l) in particulate fractions and filtrates of the incubation media over a period of 30d at 10 'C. It is apparent that some losses of the particulate fraction occurred in the sterilised control samples, especially after Day 14 when some contamination with microorganisms occurred. In this respect the results confirm those obtained with gravimetric methods. At the same time, there was an increase in carbohydrate levels in the filtrate, indicating an initial leaching of soluble carbohydrates (probably mainly mannitol) from the powdered material. The particulate matter in the unsterilised incubation media, however, declined from a n initial glucose equivalent of 68.92 pg ml-' to only 5.16 on Day 30 and this was accompanied by a decrease in carbohydrate in the filtrate from approximately 21.4pg ml-' to 10.2pg ml-' on Day 30. That is, the large utilisation of particulate matter from the experimental media noted in Figure 4 represents a heterotrophic loss rather than merely a conversion into dissolved organic matter. The difference between the organic losses for the sterilised and non-sterilised media can thus be used to calculate the conversion efficiency of particulate organic matter through the first step in the decomposer food chain independently from direct measurements of carbon utilisation.
Carbon Utilisation from the Incubation Media
The conversion of organic carbon into microbial biomass can most easily b e estimated by comparison of the increase in biomass of bacteria with the synchronous loss of organic carbon obtained by direct CHNanalysis of the incubation media (see also Lucas et al., 1981) . The results are summarised in Table 6 which   Table  sterile  made shows the values for the biomass of bacteria and those for carbon in both particulate and soluble fractions of the incubation media. The net utilisation of carbon, representing the difference between non-sterile and sterilised control vessels is also shown, as well as the total net utilisation of carbon from both dissolved and particulate phases. It is obvious that some estimate of the overall conversion of organ c carbon into bacterial biomass can be obtained from the increase in bacterial biomass and total carbon utilised u p to Day 1 4 when protozoans appeared. This gives a value for the overall conversion of some 13.5 % , the majority of the carbon being utilised from the particulate fraction.
Such overall estimates from carbon production are, however, somewhat misleading since it can be seen from Table 6 that for the first 2 d a trivial increase in bacterial biomass of only 0 . 0 1 8~ ml-' was accompanied by a major utilisation of organic carbon of 21.24pg ml-l yielding a biomass: carbon conversion efficiency of only 0.085 %. From Days 2-6 the bacterial biomass increased dramatically by 3.699pg ml-' and was accompanied by a loss of organic carbon of only 5.56 ~( 4 ml-I which yields an apparent conversion efficiency of 65.99%. After this, between Days 6 and 10 there was a slower increase in bacterial biomass of 6. Biomass of bacteria (,ug ml-') and simultaneous utilisation of carbon (ug ml-l) from dissolved and particulate fractions in : and unsterile incubation media containing 0.33 g 1-' (= 0.254 g I-') dried powdered frond from Laminaria pallida. Media up in seawater collected during summer and incubated at 10 "C. Net loss obtained by subtraction of non-sterilised from sterilised media; ' denotes interpolated value . Increase in biomass of microheterotrophs (pg ml-') and simultaneous net utilisation of organic carbon from dissolved and particulate fract~ons of powdered fresh Laminaria pallida frond incubated at 10 "C for up to 30d. Independent assays of grammetric loss suggest that particulate fraction 1s utilised uniformly u p to Day 14 (see also Table 4 ). The carbon utllisation curve was therefore drawn on the assumption that the point for Day 10 is erroneously h~g h 0.367 pg ml-' carbon, giving a conversion efficiency of approximately 11 %. The values for the biomass of microheterotrophs and the corresponding net utilisation of carbon from the dissolved and particulate fractions are shown in Figure  5 which shows several features of interest in a n interpretation of the heterotrophic fate of freshly powdered kelp debris. It will be seen that during the first 2 d of incubation there was a utilisation of carbon from the dissolved fraction a n d also some loss of carbon from the particulate material, probably by leaching, whilst the bacterial biomass showed little sign of increase. After this, from Days 2-6 the bacteria evidently entered a growth phase and were apparently capable of a conversion efficiency of substrate carbon into bacterial biomass of approximately 66 % . This is equivalent to a carbon:carbon conversion efficiency of about 33 % since bacteria contain some 50 % carbon per unit dry mass. Between Days 6-10 utilisation of carbon was from the particulate material only a n d was accompanied by a marked decline in the rate of bacterial increase, despite the fact that grazing flagellates were absent until Day 14. The conversion efficiency of the particulate carbon to bacterial biomass during this phase fell to approximately 10-1 1 % .
The variations in apparent conversion efficiency during the course of incubation can also be estimated from the gravimetric losses of particulate material summarised in Table 4 which shows a loss of 46 mg 1-' from Days 2-6 and a further loss of 28.28mg 1-' from Days 6-10. The carbohydrate content of the sterilised detritus was approxin~ately 40 % of the dry mass of the particulate debris (Newel1 and Lucas, in press) and 4 0 % of the carbohydrates will represent to carbon content of the debris. The carbon losses are thus 7.36mg 1-' from Days 2-6 and 4.52 mg 1-' from Days 6-10. This yields a n initial conversion efficiency of particulate carbon into bacterial biomass of 3.67/7.36 X 100 = 49.9 % falling to 0.37/4.52 X 100 = 8.18 % .
CONCLUSION
The results presented show that the biomass of bacteria which colonise particulate organic matter incubated at 10 "C in seawater collected during the summer reaches only 16.5 mg g -' of added organic matter compared with 4 2 m g g -' dry mass of dissolved organic matter added from kelp mucilage , despite the fact that the combined biomass of grazing ciliates and flagellates in both cases was 4 . 2 4 . 6 mg g -' of added organic matter. This suggests that the dissolved components of mucilage, comprising principally the acyclic polyol D-manmtol a n d other soluble carbohydrates, are more readily utilisable as a substrate than the less soluble components such as alginates which comprise as much as 45 O/O of the dry mass of powdered kelp debris (Newel1 and Lucas, in press).
It is likely that the initial value of as much as 66 % for the conversion efficiency of carbon from freshly powdered kelp frond into bacterial biomass reflects the utilisation of dissolved leachates from the material and during this time the bacteria were noted to be principally free-living forms, rather than ones which were attached to particulate matter. Such leachates are known to comprise principally mannitol a n d other soluble carbohydrates which are capable of rapid heterotrophic utilisation by bacteria within 48 h under culture conditions at 10 "C (Newel1 et al., 1980; Lucas et al., 1981 ). An initial increase in dissolved carbohydrates in filtrates of the sterilised incubation media is shown in Table 5 (see also p. 344) a n d mannitol was identified by paper chromatography as one of the components which disappeared from the leachate within 24 h of the appearance of bacteria (i. e., by Day 3) in non-sterilised media. This initial value for the carbon conversion efficiency is considerably higher than the overall value of 29 % obtained by Lucas et al., 1981) for dissolved components of mucilage incubated in seawater at this time of the year (summer) although they also noted that conversion values could reach 68 % during the logistic growth phase of the bacteria.
Thus once the bacteria have colonised particulate debris and have entered a rapid growth phase, there may be a high conversion efficiency of carbon into bacterial biomass during which time soluble components associated with the debris are utilised. The nitrogen in the particulate debris was equivalent to a protein content of about 26% of the total dry weight (Newel1 and Lucas, in press) so that the debris represents a nitrogen-rich substrate compared with mucilage. We have found that bacteria do not grow in the presence of mannitol as a sole substrate, despite the fact that this is one of the principal substrates utilised from mucilage (Linley et al., 1981) so that other components in both mucilage and particulate debris are also necessary to promote bacterial growth. The freshly powdered kelp frond may thus provide a complex substrate which allows a considerably greater bacterial growth than the dissolved components alone. It is noteworthy that Haines and Hanson (1979) have obtained a conversion efficiency of plant material into microbial biomass on an ash-free basis of 19.4 % for Salicornia, 55.6 % for Juncusand 64.3 % for Spartina in nitrogen-enriched cultures (see also Fallon and Pfaender, 1976 ) which are comparable with the carbon:carbon conversion value of 33 % obtained for the initial phase of degradation of kelp debris.
Although the bacterial biomass is controlled by the type and abundance of flagellates and ciliates in culture media (Linley et al., 1981) , it will be noted from Figure 2 that flagellates did not appear in abundance until after Day 10. The values for conversion efficiency of only 11 % between Days 6 and 10, compared with 29.4 % which has been obtained for mucilage from Laminaria pallida incubated in seawater and 66% for the initial leaching phase of the particulate material, may thus genuinely reflect the refractory component of the particulate debris comprising mainly alginates (Newel1 and Lucas, in press) which remain after more soluble compounds have been removed by leaching. By this time the bacteria were noted to be mainly attached forms which were evidently using the particulate component as a substrate. Lucas et al. (1981) have shown that the time for 50 % utilisation of mannitol in incubation media containing mucilage from L. pallida is 48 h at 10 "C, and for sugars and alginates is approximately 144 h. Table  4 reveals that 50% of the particulate component is utilised in 240 h at this temperature. Differences in the conversion efficiency of soluble components and particulate debris from L. pallida are thus also reflected in the time taken for utilisation by microheterotrophs under culture conditions. The bacterial biomass which is likely to be supported by particulate debris from a kelp bed may be estimated from data for the production of particulate matter by kelp (Dieckmann, 1978; see also Newel1 et al., 1980) . These values may then be summed with those supported by mucilage alone to provide some indication of the annual microheterotroph biomass which could be supported in the coastal waters adjacent to a kelp bed.
The values for carbon production by Laminaria pallida and Ecklonia maxima, the two principal components of kelp beds off the Cape Peninsula, were summarised from various sources by Newel1 et al. (1980) . An average value of 1172.2g C m-' y-' would yield some 938g C m-' y-' as particulate matter if up to 80 % of the carbon is released as particulate debris (Johnston et al., 1977) . It is likely that the conversion efficiency of 11 % which we have calculated for the particulate debris from L. pallida applies also to that from E. maxima, and that the annual particulate matter released from the kelp bed of 937.7 g C m-' would thus be capable of supporting 103.15g bacterial biomass Table 7 . Carbon production by kelp and total microbial biomass supported by combined production of Laminaria pallida and Ecklonla maxima in a typical kelp bed of 700 ha.
Data assembled from sources cited Source Average carbon production for mixed kelp beds (Newel1 et al., 1980, from vanous sources)
g m-' y-'
Particulate carbon production at 80 % of total (Johnston et al., 1977) 937.7 g m-2 y-'
Bacterial biomass (conversion efficiency of 11 %)
g m-' of kelp y-'
Area of kelp bed 700 x 104 m2
Total carbon production from kelp bed 820.5 x 104 kg Total particulate carbon production from kelp bed 656.4 X 104 kg
Annual bacterial biomass supported by particulate carbon production of kelp bed 72.20 X lo4 kg
Annual bacterial biomasssupported by mucilage production of kelp bed 29.9 X 104kg
Total bacterial biomass from annual kelp bed carbon production 102.10 X 104 kg m-2 of kelp bed. The area of a typical kelp bed at Kommetjie, on the west coast of the Cape Peninsula, is 700 X 104 m2 (Newell et al., 1980) , so that annual particulate production is of the order of 656 X 104 kg and would be capable of supporting a n annual dry biomass of 72.2 X 104 k g bacteria as shown in Table 7 . Lucas et al. (1980) estimated that the smaller amounts of carbon released a s dissolved components in mucilage from such a kelp bed is converted with a n efficiency of up to 29 % in the summer but only 12 % in the winter (annual average: 21 %) and could support an annual bacterial biomass of approximately 30 X 104 kg. The annual production by the kelp bed is thus capable of supporting at least 102.1 X 104 k g dry mass bacteria in adjacent shallow coastal waters, and this figure may be considerably higher if we take into account the higher conversion efficiency (66 % ) of soluble components retained within the kelp debris during fragmentation.
The overall energetics of the kelp bed may therefore be summarised a s follows. As much as 8 0 % of the primary carbon production may be released as particulate matter into the water column (Johnston et al., 1977; Hatcher et al., 1977) and is converted to bacterial biomass with an efficiency of approximately 11 % . The remaining 20 % of primary carbon production by the kelp is released a s a dissolved component which is converted more rapidly than particulate components and with a n efficiency of 21 % but which may reach an efficiency of approximately 30 % during summer ). An undetermined proportion of this soluble material may be retained in the particles during fragmentation and the carbon subsequently converted into bacterial biomass with a n efficiency of a s much as 66 %. Overall conversion from carbon production by the kelp through particulate organic matter to bacteria is thus achieved with an efficiency of 11 % X 0.8 = 8.8 % , whilst that through the dissolved fraction is at least 21 % X 0.2 = 4.2 % and may be considerably higher during summer. This yields a n overall annual conversion from primary production by kelp into bacterial biomass of 13 % through the first step of the decomposer food web based on kelp.
Because of the high conversion efficiency of the relatively small proportion of mucilage into bacterial biomass, the contribution of dissolved organic components released during fragmentation is as much a s 5 0 % of that of particulate debris. Nevertheless, the large quantities of particulate matter and their slow rate of degradation probably allows export of bacterial aggregates to peripheral habitats adjacent to the kelp bed, whilst the free-living bacteria which characterise the inshore waters (Linley and Field, 1981) , and which probably utilise mainly the dissolved components of mucilage, may b e restricted to the immediate vicinity of the kelp bed.
